Dark matter detectors require calibrations of their energy scale and efficiency to detect nuclear recoils in the 1 − 50 keV range. Most calibrations use neutron scattering and require MCNP or Geant4 simulations of neutron propagation through the detector. For most nuclei heavier than 16 O, these simulations' libraries ignore the contribution of resolved resonances to the neutron elastic differential cross-section. For many isotopes and neutron energies of importance to dark matter detection, this invalid assumption can severely distort simulated nuclear recoil spectra. The correct angular distributions can be calculated from the resonance parameters using R-matrix formalism. A set of neutron scattering libraries with high resolution angular distributions for MCNP 
At neutron energies up to a few MeV, neutron elastic scattering is well described by optical model scattering off a nuclear potential plus scattering off resonances of excited and compound nuclear states [1] . Elastic scattering cross-sections and angular distributions can be calculated using R-matrix formalism from a list of nuclear potential shape and resonance parameters. Many modern nuclear data evaluations using the Evaluated Nuclear Data Format (ENDF-6) [2] provide these parameters instead of pointwise elastic scattering cross-sections [3] . For an introduction to nuclear data evaluations in ENDF-6 format, see McFarlane [4] . The MCNP and Geant4 Monte Carlo radiation transport programs require pointwise cross-section libraries that are generated by either the NJOY [5] or PREPRO [6] codes from the ENDF evaluations.
Both PREPRO and NJOY calculate neutron elastic scattering cross-sections from the resonance parameters using R-matrix formalism [7] , but not the differential cross-section [8] . Instead, these codes translate the angular distribution found in File 4 of the ENDF evaluations verbatim. For all stable nuclei lighter than 16 O, the most modern ENDF/B-VII [9] and JENDL-4 [10] evaluations contain accurate angular distributions either from R-matrix calculations or from high resolution experimental data. However, the ENDF File 4 evaluations of almost all heavier nuclei either assume isotropy, ignore the resolved resonance contributions to the angular distributions, or are based on incomplete experimental data.
The nuclear recoil response of dark matter detectors are most often calibrated using the nuclear recoils produced by neutron elastic scattering. The simulated nuclear recoil energy distribution against which detectors are calibrated can be affected in at least three ways by incorrect elastic scattering angle distributions. * fbfree@uchicago.edu
• Any change in the recoil energy distribution at a given neutron energy is a change in the scattering angle distribution as E r ∝ cos θ.
• The probability for low energy neutrons to propagate into the active volume of the detector can change.
• The energy loss and diversion of neutrons in the active volume of the detector can change, affecting multiple scattering distributions.
Calibrations that rely on simulating the absolute nuclear recoil distribution [11] [12] [13] [14] [15] are vulnerable to all three effects while calibrations that determine the recoil energy and rate by tagging the outgoing neutron [16] [17] [18] [19] are only affected by changes in the multiple scattering distributions. Some heavy nuclei used in detector construction have resolved resonances for neutron energies only below 20 keV (producing nuclear recoils at < 1 keV), including 127 I, 133 Cs, W, and most isotopes of Xe [1] . These neutron recoils are below the threshold of most dark matter detectors and the use of existing neutron cross-section libraries can be used in confidence. However, most elements heavier than oxygen have resolved resonances above 100 keV that are important in simulating the response of dark matter detectors to neutron scattering.
Using SAMMY [20] or other R-matrix codes, the neutron scattering angular distributions can be calculated. The SAMMY auxiliary program SAMRML can calculate the cross-section at specific angles directly from an ENDF-6 formated file. For use in simulations, I have edited ENDF/B-VII based MCNP and Geant4 [21] by these libraries were selected to reproduce the calculated differential cross-section to better than 1% except for 50 Cr for which a 5% tolerance was adopted. The total memory usage of the MCNP libraries was increased by 76% as compared to the same libraries for ENDF-VII. To investigate the effect of the new libraries, simulation of the response of dark matter detectors to low energy neutrons with ENDF-VII.0 and these new libraries were compared.
These new libraries are being used by the now merged PICASSO [22] and COUPP [23] (PICO) collaboration to study the response of fluorinated superheated fluid detectors. There is an ongoing calibration of C 3 F 8 in the 20 mL PICO-0.1 bubble chamber using 4.8 keV to 97 keV mono-energetic neutrons at the Université de Montreal's EN tandem accelerator via the 50 V(p, n) 50 Cr reaction. The calibration compares the rate of bubble formation to the expected rate of nuclear recoils above the detector's threshold energy to obtain the bubble nucleation efficiency as a function of recoil energy, temperature, and pressure. As the bubble formation rate is a convolution of the nuclear recoil energy spectrum and the bubble nu- cleation efficiency, the efficiency function is measured by setting the threshold energy right below the endpoint of the nuclear recoil spectrum and producing bubbles from a single known recoil energy. The neutron energy is then changed while keeping temperature and pressure constant, and the efficiency function is deconvolved from the nuclear recoil energy spectrum. This deconvolution is very sensitive to the measured efficiency at the recoil spectrum endpoint. Figure 2 shows the simulated nuclear recoil energy spectrum for a 97keV neutron beam using the ENDF/B-VII evaluation and R-matrix calculations. At a 15keV threshold, the ENDF/B-VII evaluation overpredicts the bubble nucleation efficiency at the endpoint by a factor of 2. These new libraries affect multiple scattering distributions by several mechanisms. With an increase in the number of forward scatters, the neutron loses less energy at each interaction and travels further in both total track length and distance from the origin. A simulation of 900 keV to 1 MeV neutrons propagating an infinite volume of C 3 F 8 have 8% greater track length and travel 16% further from the origin with the new F-19 library than with the ENDF/B-VII libraries. The effect of the new libraries on multiple scattering distributions will depend on a detector's particular geometry and energy threshold. The simulated probability of detecting a multiple scatter may either increase (due to more collisions) or decrease (due to particles passing through or recoils falling below threshold).
XCD is a new experiment ongoing at Fermilab to calibrate a liquid xenon TPC with low energy neutrons using neutrons from an 88 Y/Be neutron source, as described by Collar [13] . The 152 keV neutrons from the 9 Be(γ, n) 8 Be reaction propagate through a large amount of lead, steel, and PTFE before interacting in the liquid xenon detector. The hit rate in the detector will be compared against the expected number of nuclear recoils from a simulation of the neutron propagation, similar to the PICO-0.1 calibration. As with PICO-0.1, this calibration is more sensitive to high energy neutrons that are able to produce higher energy recoils in the active volume. A simulation of the neutron energy from the lead surrounded 88 Y/Be source, Figure 3 , indicates a 17% reduction in the number of neutrons above 130 keV exiting the lead using the new libraries as compared to using the ENDF/B-VII based libraries.
One additional new MCNPX library of the 9 Be(γ, n) 8 Be reaction is provided in this package to allow simulations of (γ, n) neutron sources for XCD, PICO, and similar experiments. The library implements the measured resonance parameters and branching ratios for the reaction from Arnold et al. [24] up to a maximum energy of 5.2 MeV. A 88 Y/Be source has a 5% dipole anisotropy in both the lab-frame neutron energy and angle when converting from isotropic neutron production in the center-of-mass frame. This anisotropy cannot be correctly coded into a spatially extended MCNP neutron source. This library is required by MCNPX in order to obtain the correct energy-angle relationship of the neutrons.
In conclusion, a package of libraries for the simulation of low energy neutron propagation in dark matter detectors with MCNP and Geant4 is presented. These libraries can dramatically change, by factors of 2 in some instances, the results of simulations of detector calibrations as compared to the use of presently available libraries. The difference is especially apparent for 19 F and is present at neutron energies above 20keV for all stable isotopes with 16 < A < 67 and some heavier isotopes. 
